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In Silico Analysis of Treponema and Brachyspira genomes:
Assembly, Annotation and Phylogeny

Abstract

Spirochaetal bacteria are highly diverse in terms of life style, growth requirements and
virulence, but they all belong to a monophyletic ancient lineage. Many spirochaetes are
difficult to culture or have fastidious growth requirements. Genus Brachyspira and
genus Treponema, are two important members of phylum spirochetes that include well
known pathogens, such as T.pallidum subsp. pallidum and B. hyodysenteriae.

Other members of the phylum include T.pedis, associated with both bovine digital
dermatitis (BDD) in cattle and necrotic skin lesions in pigs, T.phagedenis associated
with BDD, and “B.suanatina”, which has been reported in connection with swine
dysentery-like enteric disease in pigs. All these bacteria are thus associated with
significant health problems in farm animals leading to economic losses. The aims of
this thesis were to identify and characterize potential pathogenic factors in T.pedis and
T. phagedenis and to study the genomic characteristics of B. suanatina for a complete
species validation and description.

Assembly, annotation and bioinformatics analysis of the genome sequence of T.
phagedenis strain V1 and T. pedis strain TA4 were performed. The complete genome
of T. pedis strain TA4 was compared to that of T. denticola, a species associated with
human periodontal disease. Results of the analysis showed close relatedness between
these two bacterial species. Some of the pathogenicity related genes that are already
known in T. denticola were also found in T. pedis strain TA4. In the genome of T.
phagedenis strain V1, homologous proteins to known pathogenicity factors in T.
denticola and T. pallidum were found and a locus encoding antigenic lipoproteins with
potential for antigenic variation was characterized

To identify the taxonomical position of B. suanatina, we performed assembly,
annotation and phylogenetic analysis of the B. suanatina strain AN4859/03 genome
along with its comparison with B. hyodysenteriae and other Brachyspira species.
Comparative analysis suggested that B. suanatina is a novel species, though
phenotypically it showed no difference from B. hyodysenteriae.
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1 Introduction

1.1 Phylum Spirochaetes

The phylum Spirochaetes (etymology Gr. speira ‘coil’ and chaite ‘hair’)
consists of a large group of Gram stain-negative, spiral or helical shaped
microorganisms (Figure 1) that represent an ancient monophyletic lineage
within the domain bacteria (Gupta et al., 2013; Paster & Dewhirst, 2000; Paster
et al., 1991; Woese, 1987). A distinct morphology of spirochaetes readily
distinguishes them from other bacteria. Different species of spirochaetes range
in size from 0.1-3.0 pm in diameter and 2.0-180 um in length (Charon &
Goldstein, 2002; Margulis et al., 1993). An important morphological feature of
these bacteria is the presence of an outer lipid bilayered membrane in addition
to the plasma membrane. This lipid bilayered membrane is known as the outer
membrane sheath. The periplasmic space between the cell membrane and outer
membrane sheath contains the periplasmic flagella attached sub-terminally to
each end and they run lengthwise towards the middle of the cell within the
periplasmic space. Asymmetrical rotation of the periplasmic flagella allows
spirochetes to move through viscous media where many other bacteria become
immobilized. The number of periplasmic flagella varies from 1-100 depending
upon the species (Charon etal., 2009; Charon & Goldstein, 2002; Charon etal.,
1992).

Spirochaetes are highly diverse in terms of oxygen requirements, life style,
host range and pathogenicity. Some species of spirochaetes are free living in
marine sediments, deep within soil and intertidal microbial mat communities
(Margulis et al., 1993) while others live as commensal or obligate parasites in a
wide range of hosts. Depending upon the species, they could be aerobic,
facultative anaerobic or anaerobic. Spirochaetes are also highly variable in
their genomic characteristics. Most of the spirochaetes have a circular
chromosome like most bacteria, with the exception of Borrelia spp. that have
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linear chromosomes. In B. burgdorferi there are 12 linear plasmids and 10
circular plasmids (Casjens et al., 2000; Fraser et al., 1997; Baril et al., 1989).
Some species of genus Leptospira contain two chromosomes that is another
rare feature (Picardeau et al., 2008; Bulach et al., 2006). According to the
publicly available information at ncbi, (http://www.ncbi.nlm.nih.gov) the
genome sequence of spirochaetes ranges in size from 1Mb to 4.5Mb with a GC
content of 25 to 60%.

N AN

Figure 1: Scanning electron microscopy picture of Brachyspira suanatina strain AN4859/03, a
spirochaete isolated from a pig with swine dysentery-like enteric disease (photo: L. Ljung and D.
Jansson).

1.1.1 Taxonomy

Phylum Spirochaetes is considered to have emerged from a single free-living,
anaerobic proto-spirochaete (Paster & Dewhirst, 2000; Paster et al., 1991;
Canale-Parola, 1977). Spirochaetes are classified into a single class
Spirochaetes, which consists of a single order Spirochaetales. The order
Spriochaetales is currently comprised of 14 genera contained in four families
and one unclassified genus (Table 1). Based upon the comparative and
phylogenomics analysis of 48 sequenced genomes of spirochaetes, there is a
proposal for reclassification of four families to the order level taxonomic rank
and transfer of genera Borrelia and Cristispira to a new family Borreliaceae
fam. nov. (Gupta et al., 2013).
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Table 1. Taxonomic outline of order Spirochaetales. (Parte, 2013)

Family Genera

Brachyspiraceae Brachyspira

Brevinemataceae Brevinema

Leptospiraceae Leptonema, Leptospira, Turneriella

Spirochaetaceae Borrelia, Clevelandina, Cristispira, Diplocalyx,Hollandina, Pillotina,
Sphaerochaeta, Spirochaeta, Treponema

Unclassified Exilispira

1.2 Genus Treponema

Genus Treponema currently comprises 26 valid species with T. pallidum subsp.
pallidum as type species, and it is one of the major genera of phylum
Spirochaetes (Parte, 2013). It consists of both pathogenic and non-pathogenic
members that are generally found in the digestive tract, oral cavity and genital
tract of humans and animals (Norris et al., 2011).

1.2.1 Pathogenicity

Pathogenic bacteria of genus Treponema are associated with different skin
diseases in mammals, a very well known example of disease causing
treponemes is T. pallidum subsp. pallidum, the causative agent of syphilis in
humans. Other examples include a human oral pathogen, T. denticola and T.
pedis and T. phagedenis that are potential pathogens, found in bovine digital
dermatitis (BDD) and porcine skin ulcers.

Bovine Digital Dermatitis

Bovine digital dermatitis, also known as papillomatous digital dermatitis
(Walker et al., 1995), inter digital papillomatous and foot wart (Read et al.,
1992) is a painful skin infection of the bovine foot (Figure 2). Since its first
report in Italy (Cheli, 1974) the disease has been reported worldwide (Yano et
al., 2009; Koenig et al., 2005; el-Ghoul & Shaheed, 2001) and is considered as
a major cause of lameness in dairy cattle. Besides being an animal welfare
concern, BDD has been associated with significant economic losses because of
decreased milk production, early culling and treatment expenses (Bruijnis et
al., 2010). Despite the efforts made to elucidate the disease etiology, it still
remains unclear. However, resolution of lesions after treatment with antibiotics
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and successful isolation of bacteria, suggest these as causative agents. Bacteria
from several different genera have been isolated from BDD lesions; among
them spirochaetes of genus Treponema have been detected most frequently
(Klitgaard et al., 2013; Nordhoff et al., 2008; Collighan & Woodward, 1997).
Repeated detection of a Treponema phylotype recently suggested as being the
same species as the human commensal T. phagedenis (Wilson-Welder et al.,
2013) allows it to be considered as a potential key agent in the pathogenesis of
BDD (Yano et al., 2009; Pringle et al., 2008; Trott et al., 2003).

Figure 2: Cattle claw with digital dermatitis (photo: E. Hultman).
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Necrotic skin ulcers in pigs

Necrotic skin ulcers in pigs refer to the development of non-healing chronic
lesions on the skin. These lesions could be situated anywhere on the skin but
they are most often found on the ear and on shoulders known as ear necrosis
and shoulder ulcers, respectively.

Porcine ear necrosis is a condition mostly affecting young pigs and it is
characterized by the occurrence of large erosive lesions at the margin of the
pinna (Richardson et al., 1984) (Figure 3). Clinical signs include the
appearance of open wounds, crusts, and bleeding from one or both ear wounds
(Petersen et al., 2008). Risk factors involved in the severity and prevalence of
ear necrosis are not very well understood and in its early stages it is considered
to have little effect on pig performance (Busch et al., 2010). However in the
later stages it could lower the sale value of pigs causing economic losses. This
syndrome appears to be infectious with ear biting and humid environment
considered to be the predisposing factors (Park et al., 2013).

Another kind of porcine skin ulcers are shoulder ulcers. They are pressure
ulcers that develop on the skin that overlies the spine of the scapula (shoulder
blade), which often develop during the early days of lactation in young sows.
(Davies et al., 1996). Shoulder ulcers are associated with economic losses
because affected sows are often culled earlier than normal (Zurbrigg, 2006).

The first spirochaete isolated and characterized from shoulder ulcers, ear
necrosis and gingiva of pigs was T. pedis (Pringle & Fellstrom, 2010; Pringle
et al., 2009). The type strain T3552B" of T. pedis was originally isolated from
a BDD lesion (Evans et al., 2009). Later, other strains of T. pedis along with
other Treponema spp. were obtained from ear necrosis, shoulder ulcers and the
gingiva of pigs (Karlsson et al., 2014; Svartstrom et al., 2013). According to
the 16S rRNA gene, 16S rRNA-tRNA(lle) intergenic spacer region and flaB2
phylogeny, T. pedis strains form a coherent taxonomic group with almost
identical 16S rRNAgene sequences and very similar flaB2 gene sequences
sharing ancestry with T. denticola and T. putidum (Svartstrom et al., 2013;
Pringle & Fellstrom, 2010; Evans et al., 2009)
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Figure 3: A pig with ear necrosis (photo: F. Karlsson)

1.2.2 Genomic features of treponemes

The first Treponema genome to be sequenced and published was that of T.
pallidum subsp. pallidum strain Nichols (Fraser et al., 1998), thus laying
foundation for the sequencing and comparison of other Treponema genomes.
To date, genomes of 19 different species of Treponema are available publicly
at ncbi (http://www.ncbi.nlm.nih.gov/genome/?term=treponema). All of the
sequenced genomes of Treponema possess a single circular chromosome, and
some species also contain an extra chromosomal plasmid sequence (Han et al.,
2011; Chauhan & Kuramitsu, 2004). The genome sizes of sequenced
treponemes range from 1 to 4.5 Mb with a GC content varying between 37 and
54%.

1.2.3 Potential pathogenicity factors

Availability of genome sequences of different Treponema species permits a
thorough search to find potential pathogenicity factors. Most of the attention in
this regard has been given to genomes of T. pallidum subsp. pallidum and T.
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denticola. An overview of some of the pathogenicity related factors defined in
their genomes follows.

Motility and chemotaxis related genes

The ability of bacteria to move is called motility whereas chemotaxis enables
bacteria to monitor their environment and move towards perceived stimuli.
These two factors thus hold importance in the pathogenesis of bacteria. In
spirochaetal bacteria they are considered to be of major importance because of
their unique cellular structure that make them swim efficiently through viscous
media where other bacteria become immobilized (Canale-Parola, 1977). A
large number of motility and chemotaxis related genes (~5% of the whole
genome) in the genomes of T. denticola and T. pallidum subsp. pallidum
(Seshadri et al., 2004; Fraser et al., 1998) have been identified, that also
indicates the importance of these factors in the pathogenesis of these bacteria.

Cell surface proteins

Cell surface proteins are other important factors for the pathogenicity of
bacteria, because they may mediate binding to receptor molecules on the
surface of the host cell and thereby help establish an infection. Different cell
surface proteins that have been identified in T. denticola and T. pallidum subsp.
pallidum using genomic information include putative antigens, adhesins, YD
repeat proteins, peptidases, proteases and hydrolases (Seshadri et al., 2004).
Two kinds of surface proteins that have been well studied in T. denticola are
the dentilisin protein complex and the major surface sheath protein (Msp).
Dentilisin is located on the surface of T. denticola and is encoded from an
operon with three open reading frames (ORFs) named prcB, prcA and prtP
(Godovikova et al., 2010). They have been shown to be involved in protease
activity and abscess formation (Ishihara et al., 1998). The Msp is a highly
immunogenic protein that forms a dense hexagonal array on the surface of the
bacterium. Msp is involved in binding to host cells and it possesses porin-like
activity (Fenno et al., 1998).

In T. pallidum subsp. pallidum, a family of 12 related genes named tpr (A-
L) encode similar products as Msp, has been identified. The presence of
multiple versions of these genes suggests their possible role in antigenic
variation (Fraser et al., 1998).

Lipoproteins

Lipoproteins are considered to be of special attention in spirochaetes because
of their abundance in different spirochaetal genera including Treponema
(Haake, 2000). Several of them localize to the bacterial surface and may serve
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as important vaccine targets. In the genomes of T. denticola and T. pallidum
subsp. pallidum, 166 and 22 lipoproteins have been identified respectively
(Seshadri et al., 2004; Fraser et al., 1998).

1.3 Genus Brachyspira

Genus Brachyspira is the only genus assigned to the family Brachyspiraceae.
Bacteria of genus Brachyspira colonize the intestines of mammals and birds.
Brachyspira species are distinguished from species of other genera based on
16SrRNA gene sequence data, however these species have low interspecies 16S
rRNA gene variability, which means that it may be difficult to identify and differ
between some species (Hovind-Hougen et al., 2011)

1.3.1 Taxonomy

Genus Brachyspira encompasses seven valid species, with Brachyspira
aalborgi as the type species (Hovind-Hougen et al., 1982), and several other
unrecognized species. Members of the genus Brachyspira have undergone
several taxonomic changes in the past few decades. Initially the two known
species colonizing pigs were allocated to genus Treponema as T.
hyodysenteriae (Harris et al., 1972) as the pathogenic member, and T. innocens
(Kinyon & Harris, 1979) as the nonpathogenic member. Based on 16S rRNA
gene sequences and DNA-DNA homology analysis, these two species were
transferred to a new genus Serpula (Paster et al., 1991; Stanton et al., 1991)
that was later discovered to be an illegitimate name as there was a fungal genus
existing with the same name. The name of the genus was then changed to
Serpulina (Stanton, 1992) and both species were designated as Serpulina
hyodysenteriae and Serpulina innocens. A new member Serpulina pilosicoli
that may colonize many different species of animals was added to the genus in
1996 (Trott et al., 1996). In 1997 genus Serpulina and genus Brachyspira were
unified and all the three species in the genus were then transferred to genus
Brachyspira as Brachypira hyodysenteriae comb. nov., Brachyspira innocens
comb. nov. and Brachyspira pilosicoli comb. nov. (Ochiai et al., 1997). The
species Serpulina intermedia and Serpulina murdochii were described and
validly named as two new species within the genus Serpulina before the
publication of the unification of genera Serpulina and Brachyspira (Stanton et
al., 1997). Reassessment of characteristics of these two species was done and
they were reclassified as B. murdochii and B. intermedia (Hampson & La,
2006). Thus genus Brachyspira now contain B. hyodysenteriae, B. innocens, B.
pilosicoli, B. aalborgi, B. alvinipulli, B. intermedia and B. murdochii (Parte,
2013).
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1.3.2 Disease causing members
The disease causing members of genus Brachyspira are:

» Brachyspira hyodysenteriae, the most well-known member of genus
Brachyspira that causes swine dysentery (Harris et al., 1972; Taylor &
Alexander, 1971).

» Brachyspira pilosicoli is associated with gastrointestinal disease in pigs as
well as in poultry (Trott et al., 2003; McLaren et al., 1997) and it can also
infect humans leading to human intestinal spirochaetosis (HIS) (Oxberry et
al., 1998)

» Brachyspira intermedia and B. alvinipulli cause production losses and
diarrhoea in chickens (Stanton et al., 1998; Stanton et al., 1997).

» Brachyspira aalborgi is considered as a cause of HIS (Hovind-Hougen et
al., 1982). Note that the involvement of B. aalborgi, B. pilosicoli and as-
yet-uncharacterized Brachyspira species in the pathogenesis of colitis in
humans remains unclear.

1.3.3 Brachyspira suanatina

“Brachyspira suanatina” is a provisionally described new species within the
genus Brachyspira (Rasback et al., 2007). Brachyspira suanatina is found in
pigs and ducks and an isolate originating from a diseased pig was found to
possess enteropathogenic properties in pigs but not in mallards (Rasback et al.,
2007). Additionally, in a challenge study performed in pigs, an isolate of B.
suanatina from mallards was shown to cause similar symptoms as swine
dysentery, whereas B. suanatina isolated from pigs colonized mallards without
any clinical symptoms (Jansson et al., 2009; Rasback et al., 2007).

Brachyspira suanatina isolates were phenotypically similar to B.
hyodysenteriae, but they showed negative results when a species-specific PCR
targeting the tlyA gene of B. hyodysenteriae was applied (Rasback et al., 2007).
Figure 4 shows the colonic mucosa from pigs infected with B. hyodysenteriae
and B. suanatina . Phylogenetic analysis based on the 16S rRNA and partial
nox genes, showed that B. suanatina isolates formed a separate phylogenetic
clade distinct from all currently recognized Brachyspira species and sharing
ancestry with B. hyodysenteriae (Rasback et al., 2007). Further phenotypic,
molecular and phylogenetic characterization of B. suanatina is required to
assign a taxonomic position to the proposed species.
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Figure 4: Colonic mucosa from pigs infected with B. hyodysenteriae (a) and B. suanatina (b). The
mucosa is hyperaemic and mucous is seen adhering to the mucosal surface (photo D. Jansson)
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1.3.4 Genomic features

Genome sequences of different strains of six Brachyspira species are available
on nchi (http://www.ncbi.nlm.nih.gov/genome/?term=brachyspira). The
genome sequence of B. aalborgi is not available on nchi, however it is
available on the MetaHit website and can be downloaded from there
(http://www.sanger.ac.uk/resources/downloads/bacteria/metahit/).  According
to the general genomic features, all Brachyspira species contain a single
circular chromosome. Extra chromosomal plasmid sequences have also been
reported in B. hyodysenteriae strain WAL and B. intermedia strain PWS/AT
(Hafstrom et al., 2011; Bellgard et al., 2009).

In the published genomes of different Brachyspira species, bacteriophage
and mobile genetic elements (MGES) have been predicted. These elements are
important for the inter and intra species transfer of genetic material (Hafstrom
et al., 2011) Different MGEs including insertion sequence elements, integrases,
recombinases and transposases have been identified in Brachyspira genomes.
Some of them also appear to be associated with major genomic rearrangements
and reductive evolution events (Mappley et al., 2012). Besides MGEs, putative
bacteriophage regions are also identified in Brachyspira genomes. However, it
is not clear if these putative bacteriophages are functional and capable of
transferring genetic material or not. Some Brachyspira species share their
components with other Brachyspira species and also with other bacteria, which
points towards their role in horizontal gene transfer events (Mappley et al.,
2012; Hafstrom et al., 2011; Wanchanthuek et al., 2010).

VSH-1

Virus of Serpulina hyodysenteriae (VSH-1) is an unusual phage-like gene
transfer agent produced by B. hyodysenteriae. It is involved in natural gene
transfer and recombination within the species. This gene transfer agent (GTA)
is in a state of permanent lysogeny and does not self-propagate, rather it
assembles and transfers 7.5 kb random fragments of host DNA, including
genes for antibiotic resistance, between different strains of Brachyspira
(Matson et al., 2007; Humphrey et al., 1997). The VSH-1 genes span a 16.3 kb
region of the B. hyodysenteriae strain B204% genome and contains 11 genes
encoding for structural proteins and 7 unidentified ORFs arranged in clusters of
head (seven genes), tail (seven genes) and lysis (four genes) genes (Matson et
al., 2005). Since the first report describing gene organization of VSH-1,
genomic region similar to VSH-1 has been identified in the following strains:
B. hyodysenteriae WAL, B. intermedia HB60, B. intermedia PWS/A', B.
pilosicoli 95/1000, B. pilosicoli WesB, B. pilosicoli B2904 and B. murdochii
56-150". The GTA region identified in all these species contains 11 late
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function genes, described in B. hyodysenteriae strain B204R with different gene
rearrangements and insertions found in those regions. They are not yet reported
to be functional in any of the species except B. hyodysenteriae, but gene
rearrangements and insertions identified in the GTA regions of these species
has been found and they may be able to transfer genetic materials among
different Brachyspira species (Mappley et al., 2012; Hafstrom et al., 2011,
Wanchanthuek et al., 2010; Motro et al., 2009).

1.4 Next generation sequencing

Next generation sequencing (NGS), selected by the journal Nature as “method
of the year” (Schuster, 2008), with its low cost and high throughput has
revolutionized the field of genomics. Before the advent of NGS, the Maxam
and Gilbert chemical degradation method (Maxam & Gilbert, 1977) and
Sanger enzymatic dideoxy technique (Sanger et al., 1977) were used for
sequencing purposes. These techniques were initially used to decipher
complete genes, and later, complete genomes. The first complete genome to be
sequenced was that of a virus (Fiers et al., 1978) performed using Sanger
sequencing. The technique prevailed in the sequencing community until 2001
when the first human genome was sequenced (Lander et al., 2001). Completion
of the human genome project took a long time and considerable resources were
used. It was necessary to develop faster, cheaper and high throughput
technologies. Next generation sequencing technologies were thus introduced
with the goal to overcome the shortcomings of Sanger sequencing. The first
NGS technology was 454 pyrosequencing (Roche) introduced in 2005
(Margulies et al., 2005). Later Solexa, Solid (Valouev et al., 2008) and lon
Torrent technologies were also released. The introduction of NGS technologies
has lowered the cost of sequencing of a human genome from $100,000,000 in
2001 to $1000 in 2014 (van Dijk et al., 2014), however these technologies
have their own pros and cons. Some of the features of 454, Solexa/lllumina,
solid and lon Torrent have been summarized in Table 2.

24



Table 2: Comparison of different features of 454, Solexa, Solid and lon Torrent
methods/technologies (van Dijk et al., 2014)

Technology Maximum read Maximum Runtime, Disadvantage
length throughput (GB)  bacterial
genome (hours)
454 1000 0.7 10 Homopolymer
errors
Solexa/lllumina | 300 1800 240 Long run time
Solid 75 320 336 Short reads and
long run time
lon Torrent 400 10 3 Homopolymer
errors

The advent of NGS did not just revolutionize human genomic research, but
it also had major impact on other genomic fields, including bacterial genomics.
Large numbers of bacterial genomes have been sequenced since 2005 with the
intention to understand the mechanisms involved in their role in nature. For
pathogenic bacteria, the main aim of sequencing is usually to find potential
virulence genes. The availability of large numbers of bacterial genomes has
also increased the use of whole genome sequencing for bacterial classification
purposes. This thesis provides insights into both the use of genomic sequences
for screening of potential virulence genes in Treponema genomes and the
classification of a species of Brachyspira.

1.5 Background for the thesis

1.5.1 Paper |, Il and Il

Spriochaetes of the genus Treponema are fastidious bacteria that require an
anaerobic environment. These bacteria are difficult to grow which makes it
difficult to perform in vitro characterization and manipulation of these bacteria.
Since the first successful isolation of T. pedis from porcine ear necrosis
(Pringle et al. 2009), different isolates of T. pedis have been obtained from ear
necrosis, shoulder ulcers and gingiva of pigs (Svartstrom et al. 2013). Despite
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being isolated from porcine necrotic lesions, the role of T. pedis in these skin
ulcers is yet to be understood. Similarly, the pathogenic potential of T.
phagedenis in BDD has not been determined. Treponema phagedenisis one of
a few cultivable treponemes from BDD lesions, but investigations of
underlying pathogenicity factors have only just begun. In Sweden, T.
phagedenis strain V1 and several other isolates have been obtained from BDD
lesions in dairy cattle (Rosander et al., 2011; Pringle et al., 2008)(Paper 3, this
thesis). The idea behind the current study was that genomes of these bacteria
could contain information on potential pathogenicity factors, and that
bioinformatics analysis of their genome sequences will provide insights into
pathogenic mechanisms.

1.5.2 Paper IV

Brachyspira suanatina which causes swine dysentery-like enteric disease in
pigs, was recently suggested a new species within genus Brachyspira. Based
on phenotypic characterization, B. suanatina is similar to B. hyodysenteriae,
the agent of swine dysentery, but they differ genetically based on 16S rRNA
and nox gene phylogeny. We therefore hypothesised that B. suanatina is a
separate species, and that the taxonomic rank would be elucidated by
performing genomic comparisons of B. suanatina with other Brachyspira
species.
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2 Aims of the thesis

The main aim of the thesis was to produce complete and annotated genome
sequences that allows in depth bioinformatics analysis that explain the
biological characteristics of T. pedis, T. phagedenis and B. suanatina and the
specific aims were to:

» Get the complete and annotated genomes of T. pedis TA4, T. phagedenis
V1 and B. suanatina AN4859/03.

» Obtain the draft genome assemblies of additional T. pedis and T.
phagedenis isolates.

» Perform whole genome comparisons of Treponema and Brachsyspira
genomes.

» ldentify potential pathogenicity related factors in the genomes of T. pedis
and T. phagedenis.

» Describe the genomic characteristics of B. suanatina for a complete species
validation and species recognition.
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3 Considerations on Materials and
Methods

In order to meet the aims of the thesis, we performed whole genome
sequencing and analyses of T. pedis (paper 1), T. phagedenis (paper I, 111) and
B. suanatina (paper IV) genomes. Below are the steps involved in the analysis
of these genomes.

3.1 DNA sequencing

The first step in any whole genome analysis project is to get the genomes
sequenced, this could be done using different commercial NGS technological
platforms. Some important considerations while choosing the platform are
availability of a reference genome and the purpose of sequencing. For projects
concerning de novo genome sequencing, it is important to get longer reads with
high throughput, high accuracy and paired end information to get high quality,
and long contig/scaffold assemblies. All the genomes used in this thesis were
de novo and it was not possible to get all of these attributes in a single
platform, especially at the beginning of the study. We therefore used different
combinations of Roche’s FLX 454, Illumina Hiseq and Miseq and lon torrent
platforms.

For sequencing of T. pedis strain TA4 (paper I) and T. phagedenis strain V1
(papers 1l and I11) genomes, we first used 454 sequencing platform to obtain
long reads (200-600 bp). Long reads allow maximum overlap of reads in the
assembly process producing more reliable assemblies as compared to short
reads. But, because of homopolymer errors (detection of wrong number of
similar bases) generated by 454 sequencing and single end data, it was not
possible to use 454 sequencing alone. Therefore, additional sequencing
generating paired-end reads was performed using Illumina Hiseq platform for
these genomes. Paired end reads for additional isolates of T. pedis (paper I) and
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T. phagedenis (paper I11) were obtained using the Illumina Miseq platform that
generated reads of approximately 300 bp length.

The genome sequence of B. suanatina AN4859/03 (paper V) was produced
in 2013 and by then, lon Torrent was already introduced. lon Torrent with its
long read length and low cost was an ideal alternative to 454, therefore we
obtained single end reads from lon Torrent. lon Torrent uses a similar
sequencing chemistry as 454, which generates homopolymer errors. The data
was therefore complemented with the paired end reads from Illlumina Miseq
platform. For paper I, the Illumina reads (2x100 bp) that were used to assemble
draft genome sequences from 12 T. denticola strains were downloaded from
GenBank, SRA (http://www.ncbi.nlm.nih.gov/sra) and converted to FASTQ
format using the SRA toolkit (NCBI).

3.2 Genome Assembly

Genome assembly is a process of turning a jigsaw puzzle of millions of raw
sequencing reads into a full chromosome. However, the process is hampered
by the presence of repeat sequences, missing sequences and low quality
sequences leading to long continuous sequences of various lengths instead of a
complete chromosome. Dozens of assembly programs are available using
different assembly algorithms with the aim to minimize the number of contigs
and maximize the length of each contig. An important thing therefore, is to
choose the right assembly program that could fit one’s needs and resources.

For all the genomes used in this thesis, de novo assemblies were made
because of unavailability of reference genomes. For T. phagedenis (studies Il
and Il1), two already sequenced genomes of T. phagedenis strains FO421 and
4A were available, but due to their draft nature they could not be used as a
reference. The choice of assembler depended majorly on the platform used for
sequencing. For the T. phagedenis V1 genome (paper Il), we used Newbler
(Roche), which was developed specifically for 454 data and for de novo
genome assemblies, for making assemblies of 454 data as well as hybrid
assemblies of 454 and Illumina data in combination. For making hybrid
assemblies of 454 and Illumina data the MIRA assembler (Chevreux et al.,
1999) could also be used but, because of its extensive memory requirements
and long run times, Newbler was the preferred choice. For the T. pedis TA4
genome (paper 1), we used Newbler for 454 data assembly. Since a single
contig was obtained with 454 data and PCR amplification of some areas,
lllumina reads were mapped to that contig to remove misassemblies,
specifically homopolymer errors. For all the additional isolates of T. pedis, T.
denticola and T. phagedenis (papers I and I11) we used MIRA assembler.
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For the B. suanatina AN4859/03 genome (paper 1V), lon Torrent reads

were assembled using Newbler assembler because of the similarity of data
produced by lon Torrent and 454. For the data produced by Illumina
sequencing of B. suanatina AN4859/03, we used the MIRA assembler.
Assemblies produced by Newbler and MIRA were compared in MAUVE
(Darling et al., 2004) genome aligner.
For visualization and manual editing of the assembled contigs obtained from
all assemblies, we used Consed (Gordon, 2003). Consed supports visualization
of assemblies from both Newbler and MIRA and also allows mapping of reads
to the contigs. This feature proved very useful for manual joining of contigs;
after joining different contigs, reads were aligned to the new set of contigs and
all the wrong joinings were split again based on the reads covering the joined
contigs.

Scaffolding of the T. phagedenis V1 (paper IlI) and B. suanatina
AN4859/03 (paper 1V) genomes was performed with SSPACE (Boetzer et al.,
2011), using Illumina paired end reads. For scaffolding, we used all the reads
that were not used in the assembly process due to data filtration done for
coverage reduction.

3.3 Annotation

The process to deduce biological information from sequenced and assembled
genomes is called annotation. Usually, in a genome analysis project, the first
thing after the assembly is to predict the ORFs and then assign functions to the
predicted ORFs. Different tools as well as online servers are available for
annotation purposes. In this thesis, we have used different sets of tools and
pipelines for different studies. The ORF predictions in T. pedis TA4 and all
additional T. pedis and T. denticola isolates were performed using Glimmer 3
(Delcher et al., 1999) (paper I). Transfer RNA genes were predicted using
tRNA scan (Lowe & Eddy, 1997) and 16S, 5S and 23S rRNA genes were
predicted on the basis of their homology with the corresponding genes in T.
denticola. Function prediction of the putative coding sequences was performed
using BLASTP (Altschul et al., 1990) searches against all-bacterial genome
database. Functional assignment to a CDS was done on the basis of best
BLASTP hit where >30% amino acid identity was found in the alignment and
length difference was <25% and e-value was <1x10®. CDS's overlapping at
least 50% with a tRNA, rRNA or another CDS was removed from the
annotation. Comparative analysis of T. pedis and T. denticola genomes was
performed using BLASTP comparisons of the predicted CDSs in their
genomes. For the T. phagedenis V1 (paper Il) and B. suanatina AN4859/03
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(paper 1V) genomes, automated annotation platforms MAGE (Vallenet et al.,
2009) and GenDB (Meyer et al., 2003) were used respectively for genes
prediction and functional classification of genes. For comparative analysis, the
EDGAR (Blom et al., 2009) platform was used in paper IV. For the T.
phagedenis isolates used in paper Ill, whole genome annotation was not
performed. Only a specific locus was predicted in the draft genome assemblies
of all isolates. Local BLAST searches against their genome assemblies were
performed using T. phagedenis V1’s genes sequences present in the locus as a
query. For prediction of bacteriophage regions and lipoproteins, PHAST (Zhou
etal., 2011) and SpLip (Setubal et al., 2006) were used respectively.

3.4 Phylogenetic analysis and ANI

Phylogenetic analysis using the 16S rRNA gene has been performed since
1977 (Woese & Fox, 1977) for the classification of bacteria. However, the
degree of 16SrRNA gene sequence similarity in some species is very high, that
is why it cannot always be used as a reliable phylogenetic marker (Fox et al.,
1992). With the advent of NGS technologies, the cost and time of sequencing a
bacterial genome has been reduced considerably, enabling taxonomists to use
whole genome information for the classification of bacteria (den Bakker et al.,
2013). In this thesis, phylogenetic analyses were performed in paper I, 1l and
IV. Phylogenetic analysis of the intergenic spacer region between the 16S
rRNA and tRNA,. genes was performed in paper | to find the intrastrain
variability in T. pedis and T. denticola. In paper Il, 16S rRNA gene phylogeny
was performed to show the taxonomical position of T. phagedenis V1with
respect to other Treponema species.

In paper IV, the aim was to perform phylogenetic analysis for species
validation. Therefore, 25 housekeeping genes and the core genomes of all valid
Brachyspira species were used. The general procedure used during the
phylogenetic analysis was to perform the alignment using CLUSTAL (Larkin
et al., 2007) and/or MUSCLE (Edgar, 2004) algorithms. Conserved blocks in
the alignments were then selected using Gblocks (Castresana, 2000) and a
phylogenetic tree was constructed using ML (Felsenstein, 1981) or NJ (Saitou
& Nei, 1987) methods. Moreover, ANI was calculated between B. suanatina
and type strains of all the seven valid Brachyspira species using Jspecies
v1.2.1 (Richter & Rossell6-Mora, 2009).
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4 Results and Discussion

4.1 Whole genome sequence and comparative analysis of
Treponema pedis (Paper I)

The complete genome sequence of T. pedis strain TA4 isolated from a case of
pig ear necrosis was obtained. According to the general genomic features, the
T. pedis TA4 genome consisted of 2,889,325 bp and the GC content was
37.9%. There were 2086 putative CDSs, 45 putative tRNA genes and 6 rRNA
genes. The T. pedis TA4 genome was most closely related to the T. denticola
ATCC 35405 genome, sharing 2077 (~74%) CDSs.

In order to investigate the relatedness of different strains of T. pedis with T.
denticola, and to find potential pathogenicity factors in the T. pedis genome,
draft genome assemblies of 6 additional T. pedis isolates and 12 additional T.
denticola strains were obtained using the T. pedis TA4 genome and the T.
denticola ATCC 35405 genome as their respective reference. Additional T.
pedis isolates were obtained from the gingiva and necrotic lesions in pigs
(Svartstrom et al., 2013). Illumina reads for genomes of 12 T. denticola strain
were downloaded from the GenBank Sequence Read Archive (SRA)
(http://mvww.ncbi.nlm.nih.gov/sra). Draft genome assemblies of T. pedis
isolates ranged in size from 2.95 to 3.47 Mbp with a GC content varying
between 36.9 and 37.3%, and those of the T. denticola strains ranged in size
from 2.76 to 3.03 Mbp with a GC content varying between 37.7 and 38.0%.

Pan and core genomes of T. pedis and T. denticola

Clusters of intraspecies homologous genes in T. pedis and T. denticola were
produced by collapsing CDSs sharing >80% amino acid identity with <30%
deviation in length. In T. pedis, a total of 8244 gene clusters were produced. Of
these, 988 clusters formed a conserved core, 576 clusters were strain-specific
and the remaining clusters showed intermediate representation of genes.
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Similarly, in T. denticola 7269 gene clusters were obtained of which, 1115
were core gene clusters, 224 strain-specific gene clusters and the remaining
clusters represented intermediate representation. Signs of lateral gene transfer
events were also identified in the genome of T. pedis by the presence of genes
homologous to genes from other species.

Putative Pathogenicity related factors

Different pathogenicity related genes in the genome of T. pedis TA4 were
predicted by their similarity to homologous genes in T. denticola. These
included:

» Surface antigen (TDE2258)

Motility genes

Proteases

Dentilisin operon

PtrB oligopeptidases

IgG-specific protease dentipain

Major outer sheath protein

YV VVYVY

4.2 Whole genome sequence of T. phagedenis and putative
pathogenicity related factors (Papers Il and I1)

A high quality draft genome assembly of T. phagedenis strain V1 was
obtained. The assembly consisted of 51 scaffolds comprising 3,129,551 bp and
a GC content of 39.9%. In the draft genome assembly of T. phagedenis V1,
3157 protein-coding genes were predicted. Also 45 tRNA and 6 rRNA genes
were found.

4.2.1 Putative pathogenicity related factors

In order to find potential pathogenicity factors, we searched the genome for
some already suggested pathogenicity factors in T. denticola and T. pallidum
subsp. pallidum. The amino acid sequences of these proteins were obtained
from the complete genomes of T. denticola strain ATCC 35404 (accession
number: NC_002967) and T. pallidum subsp. pallidum strain Nichols
(accession number: NC_000919). These sequences were then blasted against
protein sequences in the T. phagedenis V1’s genome. Sequences showing more
than 30% amino acid identity with e-value < 0.00005 are shown in Table 3.

Additionally, the genome of T. phagedenis strain V1 contained 3 putative
prophage regions, 17 CDSs encoding for putative transposases, 22 CDSs
encoding for motility and chemotaxis related genes and 155 lipoproteins.
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Table 3: Putative pathogenicity related proteins in T. denticola strain ATCC 35405 and T.
pallidum subsp. pallidum strain Nichols with homologues in T. phagedenis V1

T. phagedenis V1 | Treponema spp Gene product Amino acid identity

protein locus_tag | locus_tag* (%)

TPHV1 _10302 TP0326 Antigen 56

TPHV1_20066 TP0453 Antigen 40

TPHV1_40181 TPO751 Laminin-binding 42
protein

TPHV1_510060 TPO155 Fibronectin-binding 58
protein

TPHV1_290003 TP0136 Fibronectin binding 37
protein

TPHV1_40016 TP0487 Antigen 59

TPHV1_10302 TP0971 Membrane antigen, 58
pathogen-specific Tpd

TPHV1_190050 TP0257 Glycerophosphodiester | 60
phosphodiesterase
(Gpd)

TPHV1_100034 TDE_0405 Major outer sheath 38
protein

TPHV1_130036 TDE_2258 Surface antigen BspA 55

TPHV1_60100 TDE_2056 Hemin Binding Protein | 49
A (HbpA)

TPHV1_60100 TDE_2055 Hemin Binding Protein | 63
B (HbpB)

TPHV1_30021 TDE_0842 Cytoplasmic filament 82

protein A (CfpA)

! Locus_tag starting with TDE refers to T. denticola protein, locus tag starting with TP refers to T. pallidum

subsp. pallidum protein.
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4.2.2 Locus encoding putative lipoproteins with potential for antigenic and
phase variation

A genomic locus encoding for the probable lipoproteins VpsA, PrrA and VpsB,
with potential for phase and antigenic variation, was identified in the genome
of T. phagedenis strain V1. The identification was performed by manual
curation of the genome. One of the proteins, PrrA, is an already described
immunogenic protein in T. phagedenis V1 (Rosander et al., 2011). The amino
acid sequence of the PrrA protein contained a putative signal peptide followed
by several amino acid repeat motifs. Also, the promoter spacer region between
the -10 and -35 elements of the putative promoter sequence of the prrA gene
contained dinucleotide (TA)s repeats.

In close proximity of the prrA gene, two more genes with highly similar
promoter sequences were found. These genes were designated as vpsA and
vpsB. The encoded proteins, VpsA and VpsB, were also experimentally shown
to be immunogenic in enzyme-linked immunosorbent assays (ELISAS). Three
additional ORFs were detected within this locus, two between vpsA and prrA
and one between prrA and vpsB. Translated sequences of two of them shared
significant similarity to putative transposase domain containing proteins in T.
denticola, thus designated as putative transposases 1 and 2.

In order to further analyse this particular locus, draft genome assemblies of
12 additional T. phagedenis isolates from BDD lesions (Rosander et al., 2011;
Pringle et al., 2008) (paper I11) were also obtained. Draft genome assemblies of
T. phagedenis strains F0421 (GCF_000187105) and 4A (GCF_000513775)
were downloaded from Genbank . Local BLAST searches of the predicted
genes in the locus were performed in all assemblies to investigate the presence
and organization of the genes. The results obtained from BLAST searches
showed that all isolates contained the vpsA and vpsB genes, whereas the prrA
gene was missing in four isolates. Isolates lacking the prrA gene also lacked
the putative transposase 2 gene, suggesting its potential involvement in genetic
transfer of prrA. None of the genes in the locus were present in T. phagedenis
F0421. Treponema phagedenis F0421 is of human origin and considered a
harmless commensal. The absence of the locus from this strain suggests that
these genes may have a role in the pathogenesis of BDD. However, it cannot
be completely ruled out that the failure to detect these genes in FO421 could
have been caused by sequencing problems.

Promoter analysis

Dinucleotide TA repeats in the promoter spacer region is a feature that has
been shown to regulate the expression of genes in Mycoplasma mycoides
subsp. mycoides (Persson et al., 2002) in a phase variable manner. Different
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numbers of TA repeats in the promoter spacers of vpsA, prrA and vpsB were
found in different isolates. The promoter spacers most commonly consisted of
16 nucleotides [TAAA(TA)s or (TA)g] and resulted in protein expression in all
cases. Promoter spacers with 18 nucleotides [TAAA(TA); or (TA)q] also
resulted in expression of PrrA and VpsB while it was not possible to detect any
protein expression from promoters with 14 nucleotide spacers [(TA); in vpsB
promoters], where the promoter sequences had been clearly defined. However,
in two isolates (V1 and T 551B, both Western blot positive) where the number
of TA repeats in the vpsB promoter could not be determined, it is possible that
14 nucleotide spacers [(TA);] also allowed expression of the gene.

Amino acid sequence analysis

In the amino acid sequences of PrrA and VpsB, different repeat motifs varying
in copy number in different isolates, were identified. The motifs, KAEEKKPE,
PGKEE and PGTEKPVA were found in PrrA in all isolates in varying
numbers, except in isolate T 2378 where the PGKEE motif could not be
identified. In VpsB, the motif CSGLTSIDLSACTKLTSI was present in
different numbers in different isolates, flanked by a TLPDGLTSIG motif.
Also, a part of a motif common with PrrA, KAEEKK, was present. There was
no obvious repeat motif found in VpsA. The presence of different numbers of
repeat motifs has also been reported in Mycoplasma bovis, being utilized by the
bacteria for antigenic variation (Lysnyansky et al., 1999).

4.3 Draft genome assembly of B. suanatina strain AN4859/03
and its comparison with B. hyodysenteriae and B.
intermedia (Paper 1V)

In this study we produced the draft genome sequence of B. suanatina strain
AN4859/03. The draft genome assembly of B. suanatina consisted of 35
scaffolds comprising 3,263,337 bp with a GC content of 27%. One of the
scaffolds in the B. suanatina genome assembly contained a putative plasmid
sequence of 30,236 bp sharing 88% identity over 51% of its length with the B.
hyodysenteriae strain WAL plasmid (pBHWA1) sequence. The ANI values
calculated using the draft genome of B. suanatina and the genomes of type
strains of all valid species of genus Brachyspira, were always less than 95%,
which is the suggested threshold for species demarcation (Goris et al., 2007).
ANI values correlated well with their corresponding DNA-DNA hybridization
values that are considered to be the gold standard of prokaryotic classification.
Based on the values obtained from ANI and DNA-DNA hybridization, we
suggest that B. suanatina is a novel bacterial species. Further, we performed
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phylogenetic analyses using, 25 housekeeping genes and the core genome of
all available currently recognized Brachyspira species. According to the
phylograms obtained, B. suanatina formed a clade with B. intermedia, distinct
from the B. hyodysenteriae clade but sharing a common ancestor that
strengthens our hypothesis that B. suanatina should be regarded as a novel
species.

Genomic analyses of B. suanatina AN4859/03, B. hyodysenteriae WAL and
B78" and B. intermedia PWS/AT showed that the genomes of these three
species are very similar in terms of GC content, number of genes, presence of
homologous genes and distribution of genes in (clusters of orthologous groups)
COG categories. However, the genome size of B. hyodysenteriae WA1 was
slightly smaller as compared to B. suanatina and B. intermedia. The reason for
the smaller genome size of B. hyodysenteriae could be that this species has
undergone reductive evolution; a process of reduction in genome size of a host
associated bacteria by the loss of genes rendered non-essential (Wixon, 2001).
A bacteriophage region, BSP1 was found in the genome of B. suanatina. The
BSP1 region was partly conserved in B. hyodysenteriae B78" but it was not
found in B. hyodysenteriae strain WAL or B. Intermedia strain PWS/A. The
presence of this bacteriophage in two strains of different but closely related
species, and absence in the other two is also possibly due to reductive
evolutionary events. Putative horizontal gene transfer events were also evident
by the presence of genes homologous to genes in Clostridium spp. and Bacillus

Spp.
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5 Conclusions

By performing whole genome sequencing and bioinformatics analyses of the
genomes of T pedis, T. phagedenis and B. suanatina we can conclude that:

» A complete genome sequence of T. pedis TA4, and high quality draft
genome assemblies of T. phagedenis V1 and B. suanatina AN4859/03 were
generated.

> Several putative pathogenicity factors were identified in the genomes of T.
pedis and T. phagedenis.

> Extensive interspecies genomic similarities between T. pedis and T.
denticola as well as large intraspecies genomic variability within each
species were found.

» A locus containing putative lipoproteins with potential for antigenic
variation has been found in the genomes of T. phagedenis BDD isolates.
Variations in occurrence, sequence, and expression of three genes within
this locus exist between isolates.

» We have provided in silico support for the classification of B. suanatina as

a novel species within the genus Brachyspira based on its genomic
characteristics.
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6 Future perspectives

Treponema phagedenis V1 (paper 1) and B. suanatina AN4859/03 (paper V)
genomes were left unfinished due to the use of short reads NGS technologies
that do not always allow completion of genomes without extensive manual
work. However, in the future this problem could be addressed using third
generation sequencing technologies like Pacific Biosciences: (PACBIO) RS
that could generate longer reads in less time as compared to previous NGS
technologies. Complete genomes of T. phagedenis V1 and B. suanatina
ANA4859/03 could be obtained and used as references for genome mapping and
comparisons of other strains of these species.

Putative pathogenicity factors identified in the genomes of T. pedis (paper I)
and T. phagedenis (paper Il) need to be further characterized in vitro in order to
understand their role in the pathogenesis of skin lesions in pigs and cattle.

Results obtained from paper 111 could be used as a basis for further in silico
and in vitro studies on immunogenicity and antigenic- and phase variation in T.
phagedenis. Results from protein expression analysis by Western blot should
be supplemented with mRNA transcription data by cDNA synthesis and gPCR
analysis of prrA, vpsA and vpsB transcripts. This is important since cross-
reactivity was detected for the anti-vpsB antibody, which may give false
positive results. Additionally, surface exposure of the proteins could be
determined using e.g. fluorescent-labelled antibodies against the three proteins.
Investigations on which, if any, of the repeats that are associated with
antigenicity can be performed. This could be done by performing the in silico
structure prediction and molecular docking of these proteins with their specific
antibodies. Results could be later verified in vitro where synthesized
overlapping peptides can be used in ELISASs to see the regions of the proteins
that are recognized by sera from infected animals. Finally, results from the
promoter analysis were not very reliable since, for most of the isolates, reads
covering the particular regions were of low quality and coverage. This
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prevented the use of a custom -Perl script on the reads data for predicting the
accurate number of TA repeats in the prrA, vpsA and vpsB promoter spacers in
the different isolates except for V1. Sequencing with high throughput can be
performed to provide greater read coverage for promoter analysis and
improved phase variability prediction at strain level.

In paper IV, we have analysed the genome sequence of one strain,
ANA4859/03, which was isolated from pig faeces for a complete species
validation of B. suanatina. There are other isolates of B. suanatina from pigs
and mallards (Jansson et al., 2009; Rasback et al., 2007). Sequencing just one
genome may not give us a complete genomic picture of the species. Therefore,
in order to achieve a better understanding of the species, whole genome
sequencing of additional isolates could be performed and used for comparative
analysis. Also another phylogenetic study could be performed using whole
genome data of these isolates along with whole genome data of more strains of
other Brachyspira species. Using more than one strain of a species will provide
a better taxonomical resolution of the genus. In this study, we have also
compared genomic synteny between B. suanatina, B. hyodysenteriae and B.
intermedia. Due to the draft nature of B. suanatina genome, the results
obtained from synteny analysis are not fully accurate and completely reliable,
this problem could also be overcome in the future by the use of complete
genome of B. suanatina AN4859/03.

This thesis provides insights into the putative pathogenicity related factors
in the genomes of T. pedis and T. phagedenis. In vitro assessment of these
factors will aid in understanding the role of these bacteria in the pathogenesis
of porcine skin ulcers and bovine digital dermatitis. Results obtained from the
thesis, may also be of help in improved disease diagnostics and treatment of
these diseases.

Further, results of this thesis suggest that B. suanatina should be regarded
as a novel species. This study highlights the importance of integrating genomic
information in the taxonomy of bacteria.
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